ABSTRACT. The radiative-transfer theory and the Rayleigh scattering model were used to obtain the microwave brightness temperatures from dry snowpacks on the ground, which was modelled by a scattering dielectric layer and an underlying homogeneous half-space. The total radio brightness at the radiometer was the sum of the direct and diffuse radiation field intensities. The result of the model application was in good agreement with the observational data, which were obtained through the airborne experiments for the MOS-1 Verification Program around Asahikawa, Hokkaido, Japan, in February 1988.
INTRODUCTION
Due to the dynamic behavior of snow and ice, efficient monitoring is possible only by using remote-sensing methods which provide synoptic coverage over large areas. Microwave techniques offer important advantages for snow mapping: the all-weather capability and the possibility to detect snow water equivalent and other parameters of the snow volume.
First snow studies with spaceborne passive-microwave data were based on the Electrically Scanning Microwave Radiometer (ESMR) of Nimbus-5, which operated at 19 GHz (Foster and others, 1980) . The five-frequency (6.6, 10.7, 18, 21, 37 GHz) dual-polarized Scanning Multichannel Microwave Radiometer (SMMR), which was launched on Nimbus 7 in 1978, provided the improved spectral capability (Chang, 1986) . A similar system which had an additional channel at 85 GHz, Special Sensor Microwave Imager (SSM/I), was launched in 1987 on the US Air Force Defense Meteorological Satellite Program (DMSP) satellite. In the same year the Microwave Scanning Radiometer (MSR), which was a Dicke type radiometer at 23.8 GHz and 31.4 GHz, was launched on the Marine Observation Satellite 1 (MOS-l).
Synchronizing the airborne-MSR experiments on passing days of MOS-1, ground-truth data were obtained at the center of Hokkaido in February 1988. On the basis of these data, both theoretical and experimental studies on the passive-microwave remote sensing of snow are presented in this paper.
MICROWAVE EMISSION FROM SNOWPACK
Microwaves are able to penetrate snowpack and provide information on properties of the snow volume (Rott, 1987) . If the wavelength is large compared to the size of the snow grains, the amount of penetration can be described by the bulk dielectric constant. The presence of liq uid water strongly increases the dielectric losses. Therefore, wet snow is opaque for microwaves and the emitted signal originates from a very thin layer at the top of the snowpack. Wet snow has a high emissivity throughout the microwave region . Therefore permanently wet snowcovers can be hardly discriminated from snow-free ground by microwave radiometry. In dry snow, scattering effects are more pronounced at shorter wavelengths (Chang and others, 1987) and depend not only on the complex dielectric constant of the scatterers but also on their size and shape. Larger grain sizes within the snowpack cause more scattering of microwave radiation as the grain size approaches the wavelength (Chang and others, 1976; Matzler and others, 1982; Hall and others, 1986; Hall 1987) . Due to volume scattering the emissivity of dry snow is clearly reduced at frequencies above 15 GHz. The decrease of emissivity not only depends on the total amount of snow on the ground, but is strongly affected by the grain-size (Rott, 1987) .
The radiative-transfer theory and a Rayleigh scattering model are used to obtain the microwave temperature (England, 1975) . The theory based upon a scattering dielectric layer of average thickness, D, over a homogeneous half-space is applied to emission from a snowpack and underlying soil as shown in Figure 1 . The surface and interface, while quasi-specular, are sufficiently irregular with respect to microwave wavelengths that over the field of view of the radiometer the interference phenomena are effectively averaged. The microwave brightness temperatures observed by a radiometer are sought in two parts as shown in Figure 2 : the direct field consisting of reflectedsky radiation and thermal radio emission from the snowpack and soil; and the diffuse field resulting from radiation scattered from the direct field. 
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where R; and R~ are the Fresnel reflection coefficients at the surface and interface, respectively, en is the relative permittivity of the medium n, and En(~J.L) is the intensity within medium n caused by thermal emission between depths b and a in direction J.L. That is,
where the constant C derives from the Rayleigh-Jeans approximation to the Plank emission. The brightness temperature of the direct field sensed at the radiometer is
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The intensity of the diffuse radiation, Gp(r, J.L'), is reduced by total absorption and increased by radiation scattered from the direct and diffuse field. Fig. 2 . a, the direct field; b, the diffuse field. 
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Koike and Suhama : Passive-microwave remote sensing of snow nous with the airborne experiments, ground truth data, i.e. snow depth, snow density, and temperature profile of snowpack, were obtained along the route of the aircraft from Mount Asahidake to Biei on Hokkaido. Figure 3 shows the altitudinal distribution of snow depth and density. The distribution of snow depth is well expressed by a linear function of the elevation, except around the top of the mountain where snow densities are approximately constant. Therefore the altitudinal distribution of snow water equivalent is expressed by a linear function. The snow was dry over all the experiment area. Microwave brightness temperature depends on the snow grain-size, which was not obtained , as well as the total mass and temperature profile of the snowpack. Therefore, assuming several values of snow grain-size, the brightness temperature at each snow-observation site is calculated by using the radiative-transfer model. Figure 4 shows the comparison of the calculated radiance and that observed by the airborne MSR. The calculated brightness temperatures agree with the aircraft observation data quite well for the optimum values of grain-size at each frequency: 0.6 mm at 23 GHz and 0.4 mm at 31 GHz. These model results indicate that the grain-size of a snowpack is a major factor in determination of the microwave brightness temperature. It is presumed that the different optimum values of grain-size are caused from the Rayleigh scattering assumption.
CONCLUSION
The preliminary results show that passive-microwave data have the potential to provide useful information related to dry-snowpack properties. A significant relationship between snow water equivalent and microwave brightness temperature can be derived by using radiativetransfer theory and a scattering model. The main drawback of passive-microwave remote sensing from satellite is the spatial resolution. It limits the use of these data in the mountainous area. No significant improvements can be expected. However, several passivemicrowave sensors will be launched in the 1990s. Extensive research is needed to improve the algorithms for snow mapping using the information obtained from other types of remote sensors and the ground data.
